In rabbits, an experimental model of fat embolism was produced that simulates the course of events in the clinical situation. Small doses of fat-cell suspension (0.075 ml/kg of body weight), prepared by collagenase treatment of homologous adipose tissue, were injected intravenously. Concomitantly, hypovolemia was produced in two animal groups by either withdrawing 20 percent of the estimated Mood volume or by application of a hind-limb ischemic touroiquet for 90 minutes. The presence of pathoanatomic characteristics typical of fat embolism was evaluated by recording lung/body weights, macroscopic appearance, and semiquantitative microhe experimental production of fat embolism has a subject of intensive studies during the last few years. Various laboratory animals and a multitude-of experimental procedures have been used. These experimental models failed to reproduce human fat &bolism, either because the pathogenetic mechanisms used were dissimilar from those playing a role in the clinical situation (ie, pulmonary injections of free fatty acids1") or because the typical pulmonary morphologic and pathophysiologic alterations of fat embolism were not ~b t a i n e d .~,~-l~
In humans, fat embolism, with some degree of pulmonary insufficiency, almost universally follows trauma and fat marrow embolization of the lungs.lL16 It has been emphasized that the incidence of fat embolism after long-bone injury increases with the severity of the associated stress factors, such as hemorrhagic or delayed immobilization of the fractured bone. 15 scopic estimation in the lungs of edema, hemorrhage, atelectasis, intravascular coagulation, and leukocytic thrombi. Mean indices of lung/body weight were higher in all animals receiving injections of fat-cell suspension, as compared to controls. The score for microscopic generaUzed pulmonary damage was significantly higher in rabbits exposed to both fat-cell injections and hypovolemia than in controls or after fat-cell injections alone. It is concluded that hypovolemia enhances the develop ment of fat embolism in rabbits subjected to small dosea of fat-cell suspension.
The purpose of this study was to reproduce in the experimental model the course of events and the morphologic and pathophysiologic changes that occur in human fat embolism. We report in this paper the morphologic alterations in the lungs of rabbits following intravenous injections of homologous intact fat cells in association with two forms of experimental hypovolemic stress.
Randomly bred local rabbits weighing between 1.75 and 3.65 kg were used. The animals were given regular chow and water ad libitum. All rabbits were weighed, and arterial blood samples were obtained from the central ear artery in the awake state. Blood gas levels and pH were measured using conventional electrodes ( Radiometer BMS-3 ) . No animal was accepted for the study unless the arterial oxygen pressure while the rabbit was breathing room air was above 75 mm Hg (ambient barometric pressure in our laboratory is around 700 mm Hg). All animals showed some respiratory alkalosis during the initial blood gas determination in the awake state, but this is considered normal in the rabbit.
Anesthesia was induced using intravenous administration of pentobarbital sodium ( 30 mg/kg of body weight) and was maintained with supplemental doses as required.
Preparation and Injection of Fat-Cell Suspension
Homologous epididymal or perirenal fat tissue was used for the preparation of fat-cell suspension, as described by RodbellF Small sections of fatty tissue were incubated and gently stirred for 1% to 2 hours at 37'C in an albuminbicarbonate buffer containing collagenase. The buffer was freshly prepared on the day of the experiment from bovine albumin poor in free fatty acids (Armour Pharmaceutical Co. or Miles Laboratories) and bicarbonate (pH 7.4). The cells were then separated from the medium by centrifugation and were washed several times with albumin buffer. The fat-cell suspension was then incubated at 37OC until injection (for no longer than 90 minutes). Cell integrity is demonstrated in Figure 1 and could be verified even after five to six h m of in uftm incubation. The free fatty acid content of this suspension, as determined in our laboratory, was about 0.2 pEq/ml. which is negligible when compared to the total circulating pool of free fatty acids. The triglyceride concentration of the suspension (concentrated by centrifugation) ranged from 750 to 850 mg/mL From the concentrated floating fat cells. 0.05 ml was drawn for each injected dose and was diluted to 0.7 ml with the albumin buffer, also kept at 37°C. Each dose was slowly injected (15 seconds) and flushed with 2 ml of saline solution every five minutes to a total dose of 0.075 ml of concentrated fat cells per kilogram of body weight.
Experimental Croups
Croup A. Fat-cell suspension was injected according to the previously explained protocol in 11 rabbits.
Czoup B. In ten rabbits, hypovolemia was induced by arterial bleeding. The femoral artery was cannulated, and blood was drawn into a syringe containing 5 to 7 ml of anticoagulant citrate dextrose solution and stirred periodically. The amount of blood withdrawn was based on estimating the animal's total blood volume as 7 percent of body weight; 20 percent of this blood volume was drawn at a rate of 1.94 mVmin with an infusion-withdrawal pump ( Harvard ) . Blood pressure was measured before arterial bleeding, during hypovolemia, and at the end of the bleeding, using transducers (Statham) and a polygraph (Grass). The blood was kept for one hour in a water bath at 37OC. At the end of that period, the blood was reinfused at the same rate. The mean systolic blood pressure was 113 f 18 mm Hg (SD) before blood withdrawal, 81 f 20 mm Hg during hypovolemia, and 104 A 13 mm Hg at the end of reinfusion. FIGURE 1. Fat cell in suspension demonstrating cellular integrity (oil immersion, original magnification X 1.000).
Croup C. This group consisted of 14 rabbits. An arterial ischemic tourniquet was applied for 1% hours over the proximal thigh, using a band-and-screw device tightened to produce a cold ischemic limb. Croup E. In 20 rabbits, injhions of fat-cell suspension were made as in group A, about half an hour before tourniquet release as in group C.
Group F. Eight rabbits, serving as controls, were subjected to anesthesia only.
Animals of all groups were allowed to wake up at the end of the respective experimental procedures and were returned to their cages.
All surviving animals were weighed and then killed by an overdose of pentobarbital sodium, either on the first or the third day following the procedure. The lungs were weighed, and the pulmonary index was calculated as lung weightbody weight x 100. The lungs were then inspected grossly and fixed in a 4percent solution of formaldehyde. Frozen sections of representative samples were stained by oil red 0 for neutral fat, and paraffinembedded sections were stained with hematoxylin-eosin. Animals in groups D and E showed higher mortality prior to their planned death, the incidence being 66 percent (ten rabbits) in group D and 40 percent (eight) in group E. Groups A, B, C, and F had death rates of 18 percent (two rabbits ), 20 percent ( two ), 7 percent ( one ), and zero, respectively. 
Macroscopic Evalwtion
The mean pulmonary indices (+ SD) for all groups of rabbits, either at death or upon sacrifice, Mean pulmonary indices of groups D and E were statistically higher (P < 0.05) than those of groups B, C, and F, but not statistically Merent than that of group A. In general, the lungs of rabbits in groups D and E presented a rubbery consistency and showed multiple, small, subpleural petechial hemorrhages (Fig 2) . In some instances, their cut surface exuded frothy hemorrhagic fluid. The lungs of mimals in group A had, on occasion, large areas of hemorrhage, while other areas appeared macroscopically nonnal. 
Microscopic Eualucrtion
Morphologic alterations were observed in the lungs of rabbits of all experimental groups. These changes consisted of intravascular fat emboli; focal or widespread interstitial and intra-alveolar edema (Fig 3) and hemorrhages ( Fig 4) ; large or small areas of focal (Fig 5) or di&lse atelectesis and compensatory emphysema; thrombotic occlusion of pulmonary vessels of various sizes, often admixed with fat emboli (Fig 6) ; and leukocytic stasis or "thrombi" (Fig 7) . The incidence, as well as the intensity and extent, of the changes varied from one animal to another within the same group, as well as between the various groups. Of the various histologic changes, five features were singled out for analysis, and the severity of involvement of each feature was evaluated semiquantitatively on an arbi- trary scale ranging from 0 to + + + (ie, 0, no change; +, mild; + +, moderate; and + + +, severe). Intravascular fat emboli were observed in the lungs in an almost constant intensity in all animals of the three groups (A, D, and E ) in which fat cells were injected, whereas no such emboli were seen in any animals of groups B, and F. Therefore, this morphologic criterion w 2 not computed for the comparative evaluation of the total generalized pulmonary damage. The results of the histologic examinations are summarized in Table 1 . In order to assess the severity of the lesions in each group, the generalized pulmonary damage was calculated as follows: the scores of each histopathologic criterion were summed, the highest possible score for an individual rabbit being 15 (ie, + + + damage in each of the five pathologic features). The arithmetic mean of the generalized pulmonary damage was computed for each group. As can be seen in Table 1 , the highest score for generalized pulmonary damage was found in group D ( l l ) , followed closely by group E (9) . The intravascular injection of fat cells alone (group A) caused pulmonary damage of a moderate degree (generalized pulmonary damage, 6) , whereas only mild damage to the lungs was observed in groups B, C, and F (generalized pulmonary damage of 3, 1, and 1, respectively). Statistical evaluation of the significance of the differences between the generalized pulmonary damages of the various groups is presented in Table 2 . The generalized pulmonary damage of groups D and E were significantly higher &an those of all, and any of groups A, B, C, and F. The generalized pulmonary damage of group D was somewhat higher than that of group E ( P < 0.02).
Various animal models for the production of fat embolism have been described in the literature. Trauma to bone in the anesthetized animal is followed by ample evidence of pulmonary fat embolization, but with only minimal alterations in pulme nary function characteristic of fat emboli~m.'~ Similarly, the intravenous injection of either neutral fafilO*" or of homogenized homologous or autologous fat1"14 did not produce changes that are typical of fat embolism unless very large doseses= of fat ( > 0.2 ml/kg of body weight), much in excess of estimated fat embolization in the clinical situation,18 were used. Under these circumstances, early hypoxia and death were usually ob~e r v e d , "~~.~~ probably related to massive obstruction of the pulmonary vascular tree, and not due to the gradual development of fat embolism. It seems significant, then, that the experimental introduction in anesthetized animals of reasonable amounts of either neutral fat or homogenized fat cells, or even Table 1 bone marrow, does not result in the morphologic or pathophysiologic alterations of fat embolism, despite the abundant presence of intravascular pulmonary fat. Pulmonary arterial injections of free fatty acids, a procedure that bypasses the course of events in human fat embolism, did result in pulmonary pathologic alterations similar to those described in clinical fat e m b~l i s m .~~~~~~~
F. Anesthesia Table 2 S t a t i a t i c a l Evaluation o f G e n e r a l i d Pulmonary Damage in the Variow
In human fat embolism, pulmonary ins&-ciency is almost always preceded by long-bone t r a u~n a , '~*~~ especially when accompanied by ~hock.'~.'~"' It seemed appropriate, therefore, to attempt to simulate clinical fat embolism by the additive effects of the intravenous administration of small, and hitherto innocent, amounts of adipose material in the form of a suspension of intact homologous fat cells, and two fonns of hypovolemic stress ( ie, hemorrhagic or tourniquet-induced shock ) .
In the present experimental model a variety of pulmonary rnorphologic changes were observed. We have emphasized the morphologic features that are characteristic of fat embolism16 and "shock-lung.'"B In thus evaluating the degree of generalized pulmonary damage, fat-cell injections, together with induced hypovolemia or ischemic tourniquet-induced shock, sigdcantly brought about the severest alterations, while the administration of fat cells alone resulted in a moderate degree of pulmonary damage. In rabbits subjected only to hypovolemia, tourniquet, or merely anesthesia, mild to minimal pathologic changes were observed.
Pulmonary morphologic alterations were observed in all animals subjected to injections of homologous fat-cell suspension. The presence of some changes in animals subjected to fat-cell administration alone without hypovolemia might possibly be attributed to our use of whole fat-cell suspension as the source of fat, in contrast to the triglyceride particles employed by other investigat~rs.~*~~,l~ It is difficult to assess at this time whether or not embolization by whole fat cells, as used in our study, is significantly different from the use of homogenized fat cells; however, it has been established experimentally13 and has been suggested in the clinical situation of fat emboli~m~O.~~ that pulmonary embolized fat cells might liberate thromboplastin, which secondarily induces intravascular coagulation, and this is considered by some authors to be a central event underlying fat e m b o l i~m .~~.~~ In our experiment, pulmonary leukocytic stasis and intravascular coagulation were prominent features whenever fat-cell embolization was induced. The relationship of intravascular aggregation of leukocytes to the production of intravascular coagulation has already been suggested by other investigat~rs.~~ Interestingly, in our rabbits, hypovolemia alone also caused a mild degree of intravascular coagulation, together with intravascular leukocytic stasis. These findings are in agreement with those of Wilson.2B
Fat-cell embolization alone also resulted in an increased lung weight. The seemingly paradoxic observation that increased mean lung weight in this group was not accompanied by microscopic evidence of either severe edema or of significant pulmonary hemorrhages is probably explained by the macroscopic finding of an occasional large, red pulmonary infarct contributing to increased lung weight, but not sampled for microscopic examination and not associated with other criteria of generalized pulmonary damage.
The observed findings in group A were not s&-cient to produce the fulminant morphologic picture that is customarily associated with fat embolism Reidbord12 similarly could not produce significant pulmonary damage in rats exposed to intravenous injection of autologous fat-cell emulsion. We believe that the addition of hypovolemic stress is essential for the production of the full-blown pathologic picture of fat embolism. The role of stress, or hypovolemia, in this context might well be attributed to the enhancement of the toxio effect of free fatty acids liberated upon lipolysis of the fat emboli. 30 It has been frequently ~h o w n '~, '~, '~~~ that the incidence of clinical fat embolism increases whenever hypovolemic shock complicates long-bone trauma. Our experimental results are consistent with this clinical observation. We feel that hypovolemia, in this regard, is but one form of stress, as is the ischemic tourniquet applied to animals in group E. Robinson and Soloway3' combined triolein embolization of the lungs with hypovolemia in rabbits. The pathophysiologic alterations of fat embolism were not obtained in their study. Possibly, neutral fat particles in this form are not as effective as the fat cells used in our experiment, because they lack the coagulant effects of whole fat cells. In another similar study, we combined embolization of fat emulsion (Intralipid) in a similar dose as in groups A, D, and E with 20-percent hypovolemia and did not obtain any evidence of the production of fat embolism (unpublished data).
Recently, several reports have emphasized the occurrence of milder, and often subclinical, forms of fat e m b~l i s m . l~.~~-~~ This form of human fat embolism might well be analogous to fat-cell embolization without hypovolemia in our study.
In a subsequent report,36 we shall describe the pathophysiologic alterations that occur in the respiratory system in our animal model.
